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Replication of most papillomaviruses (PVs) requires the viral-encoded E1 and E2 proteins that bind to the origin of
replication (ori) containing the E1- and E2-binding sites and help recruit host replication factors during the initiation of DNA
replication. We studied the ability of heterologous E1 and E2 proteins to interact in vivo and support replication, using the
human papillomavirus (HPV) types 1a and 18 as model systems. The E1 protein of HPV-1a in combination with HPV-18 E2
supported high-level replication of various ori plasmids. In contrast, the HPV-18 E1 protein interacted weakly with HPV-1a E2
during the replication of ori plasmids. We have previously shown that the E1 protein of HPV-1a alone is sufficient for
replication of HPV-1a ori plasmids, whereas HPV-18 replication requires both the E1 and E2 proteins. However, in the latter
case, E2-binding sites alone in the absence of the E1-binding site can function as the minimal ori. Based on the above
observations, we generated hybrids between HPV-1a and HPV-18 E1 proteins in an effort to identify their “replication
specificity” domains using a transient replication assay. These hybrids were also used to localize the domains in the E1
proteins that are involved in their functional interaction with the E2 protein during replication. Our results suggest that the
“replication specificity” and functional E2 interaction domains of the HPV-1a and HPV-18 E1 proteins are located in their
carboxyl-terminal halves. © 1999 Academic Press
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rINTRODUCTION
Replication of papillomaviruses (PVs) requires the viral
1 and E2 proteins and an origin of replication (ori)
Ustav and Stenlund, 1991). The ori contains one E1-
inding site (E1BS), several E2-binding sites (E2BSs),
nd an adjacent A/T-rich region (Ustav et al., 1991; re-
iewed in Chow and Broker, 1994; Lambert, 1991). The
1BS consists of an imperfect 18-bp inverted repeat (IR)
lement, also termed the HpaI palindrome, that is only
artially conserved among various PVs (Holt et al., 1994).
he E2BSs contain the consensus sequences ACCGN4CGGT
r ACCN6GGT (Fuchs and Pfister, 1994; Grossel et al.,
996; McBride et al., 1991). The replication initiator pro-
ein E1 is the most conserved PV protein with an approx-
mate size of 70 kDa and has ATPase, helicase, and
rigin-binding and -unwinding activities (Mansky et al.,
997; Seo et al., 1993a; Wilson and Ludes-Myers, 1991;
ang et al., 1993). The E1 protein is also known to be
nvolved in E2-mediated repression of viral transcription
Sandler et al., 1993). As expected from their extensive
omology, the various E1 proteins have similar proper-
ies; however, they also show significant differences in
1 Present address: Department of Molecular Biology and Genetics,
he Johns Hopkins University School of Medicine, 725 North Wolfe
treet, Baltimore, MD 21205.
2 To whom reprint requests should be addressed at Room East 1240,
siomedical Science Tower. Fax: (412) 624-1401. E-mail: khan@pitt.edu.
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330heir replication activities. For example, the E1 proteins
f HPV-1a, and that of the bovine PV (BPV) type 1 to a
imited extent, are capable of replicating ori plasmids in
ivo in the absence of the E2 protein, whereas the E1
roteins of other PVs are inactive in the absence of E2
Chow and Broker, 1994; Gopalakrishnan et al., 1995;
opalakrishnan and Khan, 1994; Grossel et al., 1996;
verdrup and Khan, 1994; Ustav and Stenlund, 1991). In
ontrast, although the E1 and E2 proteins of HPV types
1 and 18 can replicate ori plasmids containing only
2BSs (but lacking E1BS), the E1 and E2 proteins of
PV-1a do not support the replication of such plasmids
Lu et al., 1993; Sverdrup and Khan, 1995). The E2 pro-
eins of PVs are involved in transcriptional transactiva-
ion and repression from viral promoters and also stim-
late E1-dependent replication (Fuchs and Pfister, 1994;
ilette et al., 1994; Hawley-Nelson et al., 1988; McBride
t al., 1991; Monini et al., 1991; Winokur and McBride,
992). A number of studies have suggested that the
ajor role of E2 in PV replication involves targeting E1 to
he ori through the formation of an E1–E2 complex
Chiang et al., 1992; Frattini and Laimins, 1994; Grossel et
l., 1996; Lusky et al., 1994; Mohr et al., 1990; Seo et al.,
993b; Sedman and Stenlund, 1995; Yang et al., 1991). In
ddition, E2 has been shown to increase the specificity
f E1-mediated replication in vitro in the BPV-1 system
Bonne-Andrea et al., 1997). It is likely that initiation of PV
eplication involves both E1–E2 interaction and the sub-
equent assembly of a DNA–protein complex at the ori
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331REPLICATION SPECIFICITY OF HPV E1 PROTEINShat is competent for initiation. E1 and E2 proteins from
ome PVs can cross-interact and support replication of
ri plasmids (Berg and Stenlund, 1997; Chiang et al.,
992; Del Vecchio et al., 1992).
Recently, several laboratories have attempted to delin-
ate the various functional domains of the E1 proteins.
arious studies have shown that the DNA-binding do-
ain of BPV-1 E1 (605 amino acids) is contained within
ither N-terminal 299, 308, 311, or 378 amino acids (Chen
nd Stenlund, 1998; Leng et al., 1997; Sarafi and McBride,
995; Spalholz et al., 1987; Thorner et al., 1993). The
-terminal 132 amino acids of BPV-1 E1 are dispensable
or transient replication (Ferran and McBride, 1998). Little
s known about the DNA-binding domains of HPV E1
roteins, except that amino acids 1–268 of HPV-31b are
ot sufficient for ori binding (Frattini and Laimins, 1994a).
ecause E1–E2 interactions are critical for replication,
everal studies have attempted to identify the domain of
1 involved in its interaction with the E2 protein. The
pproaches used have included the study of direct
1–E2 interactions by immunoprecipitation and yeast
wo-hybrid experiments or by study of the ability of E2 to
timulate the cooperative binding of E1 deletion mutants
o the origin (Benson and Howley, 1995; Lusky and Fon-
ane, 1991; Muller and Sapp, 1996; Sarafi and McBride,
995; Yasugi et al., 1997). These studies have generated
complex picture in which both the N- and C-terminal
egions of E1 appear to be involved in its interaction with
2. Similarly, two regions within the BPV-1 E2 (the acti-
ation domain and the DNA-binding domain) appear to
e independently involved in interaction with the E1
rotein (Berg and Stenlund, 1997). This study using hy-
rid BPV-1 and HPV-11 E2 proteins showed that the
ctivation domain of E2 can interact with BPV-1 E1 and
romote cooperative ori binding and replication. Studies
ave also shown that the N-terminal DNA-binding do-
ain of BPV-1 E1 interacts with the C-terminal DNA-
inding domain of E2, whereas the C-terminus of E1
nteracts with the N-terminal activation domain of E2
Chen and Stenlund, 1998). Using hybrid E1 proteins from
PV types 11 and 16, it was recently shown that the E2
nteraction domain of HPV-16 E1 is located in its C-
erminal half (Zou et al., 1998). Although these studies
ave provided important information on E1–E2 interac-
ions and their domain structure, much is still unknown
bout the specific role of E1–E2 interactions in the as-
embly of the initiation complex at the ori and the regions
f E1 involved in its replication activity. We tested the
bility of the E1 and E2 proteins of HPV types 1a and 18
o cross-interact and support transient replication of HPV
ri plasmids. These experiments showed that although
here is a strong functional interaction between the
PV-1a E1 protein and the HPV-18 E2 protein and HPV-18
ri during replication, the HPV-18 E1 protein interacts
oorly with the HPV-1a E2 and HPV-1a ori. To identify the
omains of the E1 proteins of HPV-1a and HPV-18 that tre responsible for the differences in their replication
roperties, we generated hybrid E1 proteins and used
hese in transient replication assays to identify their
replication specificity” domains. These hybrid E1 pro-
eins were also used to identify their specific E2 interac-
ion domains that are involved in stimulation of DNA
eplication. Our results show that the chimeric E1 pro-
eins are biologically active and the “replication specific-
ty” and functional E2 interaction domains of the HPV-1a
nd HPV-18 E1 proteins are located in their C-terminal
alves.
RESULTS
eplication of HPV ori plasmids by combinations of
PV-1a and HPV-18 E1 and E2 proteins
We tested the ability of the E1 and E2 proteins of
PV-types 1a and 18 to cross-interact during replication
f HPV-1a and HPV-18 ori plasmids. It was hypothesized
hat the relative efficiency of replication would depend on
he extent of cross-interaction between the E1 and E2
roteins as well as their interaction with the HPV origins.
he homologous combination of HPV-1a E1 and E2 sup-
orted replication of both the HPV-1a and HPV-18 ori
lasmids to high levels, with the HPV-1a ori plasmid
eplicating to slightly higher levels (Fig. 1). The HPV-18
1 and E2 proteins, on the other hand, were more dis-
riminatory and replicated their cognate origin much
ore efficiently than the HPV-1a origin (Fig. 1). The het-
rologous combination of HPV-1a E1 and HPV-18 E2
upported efficient replication of both the ori plasmids,
ith only a slight reduction in the signal compared with
he homologous combination of HPV-1a proteins (Fig. 1).
n contrast, only limited replication of the HPV-1a and
PV-18 ori plasmids was obtained in the presence of the
eterologous combination of the HPV-18 E1 and HPV-1a
2 proteins. The above results suggest an efficient func-
ional interaction between the HPV-1a E1 protein and
PV-18 E2 and ori during replication, whereas the
PV-18 E1 protein interacts to only a limited extent with
he HPV-1a E2 protein and ori.
ybrid E1 proteins
Based on the differences in the replication properties
f HPV-1a and HPV-18 E1 proteins, we generated hybrids
etween these proteins to identify the domains involved
n their “replication specificity.” Because the HPV-18 E1
rotein supported replication to only low levels in com-
ination with the heterologous HPV-1a E2 while HPV-1a
1 supported high-level replication in the presence of
oth its cognate and HPV-18 E2 proteins, the hybrid E1
roteins were also expected to be useful in the identifi-
ation of the domains of E1 that are critical for their
pecific interaction with the E2 protein during the initia-ion of replication. The E1 proteins of HPV-1a and HPV-18
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332 GOPALAKRISHNAN, SHEAHAN, AND KHANonsist of 612 and 657 amino acids, respectively, have
0% identity and 57% similarity in their amino acid se-
uences. The additional amino acids in HPV-18 E1 are
resent in the less conserved N-terminal region of the
rotein. The fusion points of the hybrids were chosen in
ighly conserved regions of the E1 proteins and were
esigned such that they resulted in either no change or
inimal conservative changes in the amino acid se-
uence at the junctions. Four such hybrids were gener-
ted (Figs. 2A and 2B). Hyb1 contains amino acids 1–309
rom HPV-1a in its N-terminal half and amino acids 355–
57 of HPV-18 in its C-terminal. Hyb2 contains amino
cids 1–351 from HPV-18 in its N-terminal half and amino
cids 307–612 from HPV-1a in its C-terminal. Hyb5 con-
ains the N-terminal two thirds from HPV-1a (amino acids
–399) and the C-terminal third from HPV-18 (amino ac-
ds 444–657). Hyb6 contains the N-terminal two thirds
rom HPV-18 (amino acids 1–442) and the C-terminal
hird from HPV-1a (amino acids 399–612). Because anti-
odies against the HPV-1a and HPV-18 E1 proteins are
urrently not available, the production of the wild-type
nd hybrid E1 proteins by the recombinant plasmids was
onfirmed by in vitro transcription-translation in the rab-
it reticulocyte system (data not shown).
ybrid E1 proteins are biologically active
To test whether the hybrid E1 proteins were functional,
e first tested their ability to replicate a plasmid contain-
ng the HPV-6b ori in the presence of the HPV-1a or
PV-18 E2 proteins. The HPV-6b ori was used in this
xperiment because we have previously shown that it is
FIG. 1. Transient replication analysis of HPV-1a and HPV-18 ori plasm
ells were transfected with 5 mg of the E1-expressing plasmids and 1 m
arvested 4 days posttransfection, low-molecular-weight DNA was isola
ith DpnI. The samples were subjected to agarose gel electrophoresis
ositions of the ori plasmids, as well as plasmids expressing the variohe most active ori regardless of the source of the E1 and e2 proteins and is replicated to levels higher than even
he cognate HPV origins (Gopalakrishnan and Khan,
994; Sverdrup and Khan, 1994). It was important to use
he HPV-6b ori because a hybrid E1 protein resembling
PV-18 E1 in its replication activity will be expected to
oorly replicate the HPV-1a ori plasmid regardless of the
ource of E2 (Fig. 1). The E1 and E2 proteins of HPVs 1a
nd 18 efficiently replicated the HPV-6b ori plasmid (Fig.
). Note that even the combination of HPV-18 E1 and
PV-1a E2 gave a strong signal, which is likely due to the
aturating level of replication obtained with the HPV-6b
ri. All the hybrid E1 proteins, except Hyb5, were active
n replication of the HPV-6b ori plasmid (Fig. 3). Hyb5 was
ound to be inactive in replication regardless of the
ource of the E2 protein or the ori (data not shown).
hese results showed that Hyb1, Hyb2, and Hyb6 did not
ose their biological activity on fusion, suggesting that
he E1 protein has a modular structure and that the
arious domains involved in the biochemical activities of
he two E1 proteins are located in similar positions. The
evel of replication obtained with the hybrid E1 proteins
as generally lower than that obtained with the wild-type
1 proteins. However, this did not represent a significant
roblem because our studies were primarily designed to
e qualitative in nature to identify the “replication speci-
icity” domains of the E1 proteins and the relative extent
f their functional interaction with the different E2 pro-
eins during replication. Interestingly, Hyb1 and Hyb6
ave much stronger signals in the presence of HPV-18
2 compared with HPV-1a E2, whereas Hyb2 replicated
he ori plasmid to comparable levels in the presence of
he presence of various combinations of the E1 and E2 proteins. C-33A
expressing plasmids, along with 0.5 mg of the ori plasmids. Cells were
d digested with EcoRI, and one half of each sample was further treated
uthern blot hybridization as described in Materials and Methods. The
and E2 proteins, are indicated.ids in t
g of E2-
ted an
and Soither of the two E2 proteins (Fig. 3). These results
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333REPLICATION SPECIFICITY OF HPV E1 PROTEINSuggest that Hyb1 and Hyb6 may contain the E2-specific
nteraction domain of HPV-18 E1, whereas Hyb2 may
ontain the E2 interaction domain from HPV-1a E1. Ad-
itional experiments dealing with the E2 interaction do-
ains of the E1 proteins are described later.
eplication specificity of the hybrid E1 proteins
We next carried out experiments to determine the
replication specificity” of the hybrid E1 proteins. To test
hether any of the hybrid proteins resembled HPV-1a E1
n their replication activity, we used a plasmid containing
nly the HPV-1a E1BS and the surrounding A/T-rich re-
FIG. 2. Hybrid E1 proteins used in this study. (A) Schematic diagram
f the E1 proteins of HPV types 1a and 18 and the hybrid E1 proteins.
he region shown in black is derived from HPV-1a E1, and the white
egion is derived from HPV-18 E1. The lengths of the various E1 proteins
nd the amino acids derived from HPV-1a or HPV-18 E1 proteins are
lso indicated. (B) Amino acid sequence at the fusion points of the
ybrid proteins. Arrows indicate the fusion points between the HPV-1a
nd HPV-18 E1 proteins.ion (pori60) in replication assays in the absence of the c2 protein. As shown previously (Gopalakrishnan et al.,
995; Gopalakrishnan and Khan, 1994), the HPV-1a E1
rotein supported replication of the pori60 plasmid in the
bsence of E2 (Fig. 4). Although Hyb1 and Hyb6 did not
eplicate this plasmid, Hyb2 supported its replication to
ow but detectable levels (Fig. 4). The weak pori60 signal
as reproducible in several independent experiments;
urthermore, no DpnI-resistant band was observed with
he E1-expressing plasmid that also serves as an inter-
al control in each sample. These results suggest that
yb2 resembles the HPV-1a E1 protein in its ability to
upport replication in the absence of the E2 protein.
The ability of the hybrid E1 proteins to replicate a
lasmid containing four copies of the E2BSs (E2BS4) but
acking the E1BS was also tested. As shown previously
Sverdrup and Khan, 1995), the E1 and E2 proteins of
PV-18, but not those of HPV-1a, supported the replica-
ion of the E2BS4 plasmid (Fig. 5). Although the HPV-1a
1 protein interacts well with the HPV-18 E2 protein, this
ombination also failed to replicate the above plasmid.
he lack of a signal in the presence of HPV-18 E1 and
PV-1a E2 proteins may be due to their weak interaction.
hen the hybrid E1 proteins were tested in this experi-
ent, both Hyb1 and Hyb6 supported the replication of
he E2BS4 plasmid, whereas the Hyb2 protein was inac-
ive (Fig. 5). The results of the above series of experi-
ents are summarized in Table 1 and demonstrate that
yb1 and Hyb6 resemble the HPV-18 E1 protein in their
eplication activity, whereas Hyb2 resembles the HPV-1a
1 protein. Furthermore, both Hyb1 and Hyb6 were ac-
ive only in the presence of the HPV-18 E2 protein, indi-
ating that they interact more efficiently with this E2
nd/or that this combination is more efficient in the
ormation of an active initiation complex at the ori (see
elow).
eplication-specific interaction between the E1 and
2 proteins
We also made use of the hybrid proteins to study their
pecificity of interaction with the HPV-1a and HPV-18 E2
roteins during replication of HPV-1a and HPV-18 ori
lasmids. In one series of experiments, the HPV-18 ori
lasmid was used to investigate the replication activity of
he various hybrid E1 proteins in the presence of either
he HPV-1a or HPV-18 E2 protein. Hyb1 supported repli-
ation of the HPV-18 ori plasmid to significant levels in
he presence of the HPV-18 E2 protein but gave no
etectable signal with HPV-1a E2 (Fig. 6). Similarly, the
evel of replication obtained with Hyb6 was several-fold
igher with HPV-18 E2 than with HPV-1a E2 (Fig. 6). In
ontrast, Hyb2 replicated the HPV-18 ori plasmid to sim-
lar levels regardless of the source of the E2 protein (Fig.
). These results further suggest that Hyb1 and Hyb6
ontain the E2-specific interaction domain from HPV-18
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334 GOPALAKRISHNAN, SHEAHAN, AND KHAN1, whereas the E2 interaction domain of Hyb2 is derived
rom the HPV-1a E1 protein.
In another series of experiments, we used a plasmid
ontaining the HPV-1a ori to test the replication-specific
nteraction of E1 hybrids with the E2 proteins. With the
PV-1a E2 protein, the replication signal obtained with
yb2 was much stronger than that obtained with Hyb1
nd Hyb6 (Fig. 7A). When the HPV-18 E2 protein was
ncluded in these experiments, the signals obtained with
yb1 and Hyb6 were weak but comparable to that ob-
ained with wild-type HPV-18 E1 (Fig. 7B). Furthermore,
yb2 supported replication of the HPV-1a ori plasmid to
igher levels than Hyb1 and Hyb6 (Fig. 7B). These results
re consistent with the possibility that Hyb1 and Hyb6
esemble the HPV-18 E1 protein in their replication ac-
ivity, whereas Hyb2 resembles the HPV-1a E1 protein.
he results of the above series of experiments are sum-
arized in Table 2.
DISCUSSION
Because the E1 and E2 proteins of PVs are functionally
onserved, the ability of these proteins from HPVs 1a
nd 18 to cross-interact and initiate replication from HPV
rigins was tested. The efficiency of replication in such
ases would be expected to depend on the extent of
nteraction between the E1 and E2 proteins, as well as
heir ability to interact with a particular HPV origin and
romote the assembly of a functional initiation complex.
revious studies on direct physical interaction between
he E1 and E2 proteins from other PVs have shown that
oth the N- and C-terminal regions of E1 can indepen-
ently interact with E2 (Benson and Howley, 1995; Chen
nd Stenlund, 1998; Lusky and Fontane, 1991; Muller and
app, 1996; Sarafi and McBride, 1995; Yasugi et al., 1997).
e wanted to identify the regions of the HPV-1a and
PV-18 E1 proteins that are important for their functional,
eplication-specific interactions with the E2 protein by
sing a transient replication assay. Homologous combi-
ations of the E1 and E2 proteins supported the most
FIG. 3. Hybrid E1 proteins support transient replication of an HPV-6b
ere cotransfected into C-33A cells along with HPV-1a or HPV-18 E2-ex
enerated from HPV-18 E1, Hyb1, and Hyb5 migrates faster than the Efficient replication of the ori plasmids, suggesting that (he interaction between the cognate E1 and E2 proteins
uring replication is stronger than that between the het-
rologous proteins. It should be noted that the “efficiency
f interaction” between the E1 and E2 proteins in repli-
ation assays may reflect both a direct physical interac-
ion between these two proteins and subsequent steps
n the formation of a replication initiation complex. The
eterologous combination of the HPV-1a E1 and HPV-18
2 proteins replicated both the HPV-1a and HPV-18 ori
lasmids to robust levels. These results demonstrate
hat the E1 protein of HPV-1a can functionally interact
ith the heterologous HPV-18 E2 protein as well as the
PV-18 ori. In contrast, although the HPV-18 E1 protein
eplicated its cognate ori plasmid efficiently in the pres-
nce of HPV-18 E2, it supported replication of an HPV-1a
ri plasmid only to very low levels regardless of the
ource of the E2 protein (Fig. 1). Furthermore, HPV-18 E1
ave a weak signal with the HPV-18 ori in the presence
f the HPV-1a E2 protein. These data suggest that only
imited functional interaction occurs between the HPV-18
1 protein and the heterologous HPV-1a E2 protein and
PV-1a ori.
smid. Plasmids (5 mg) expressing the wild-type or hybrid E1 proteins
g plasmid (1 mg) and a HPV-6b ori plasmid (0.5 mg). Note that the band
s and slightly slower than the HPV-6b ori band.
FIG. 4. Hyb2 supports replication in the absence of the E2 protein.
ransient replication analysis was carried out using the wild-type or
ybrid E1 proteins in the presence of the pori60 plasmid, which con-
ains an E1BS and the surrounding A/T-rich region of HPV-1a oriori pla
pressinGopalakrishnan and Khan, 1994).
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335REPLICATION SPECIFICITY OF HPV E1 PROTEINSOne major goal of our study was to identify the “repli-
ation specificity” domains of the HPV-1a and HPV-18 E1
roteins. We have previously shown that the E1 protein
lone of HPV-1a, but not that of HPV-18, can support
ri-specific replication in vivo (Gopalakrishnan and Khan,
994; Sverdrup and Khan, 1994). On the other hand, the
1 and E2 proteins of HPV-18, but not those of HPV-1a,
an replicate plasmids containing only the E2BSs that
ack the E1BS (Sverdrup and Khan, 1995). These results
rovided a criteria for the identification of the domains of
he E1 proteins responsible for this difference in their
eplication property or their “replication specificity.” Chi-
eric E1 proteins containing different portions of the
PV-1a and HPV-18 E1 proteins were generated (Fig. 2).
he fusion points of Hyb1 and Hyb2 were based on the
ublished information available at the time on the BPV-1
1 protein suggesting that its DNA-binding domain is
ontained within the N-terminal 299 amino acids (Thor-
er et al., 1993). Also, the fusion points were chosen
uch that they created either no change or minimal,
onservative amino acid changes at the junctions (Fig.
). Our previous results have shown that although the E1
nd E2 proteins of HPV-1a can replicate the HPV-6b and
PV-18 ori plasmids to high levels, the HPV-1a E1 protein
lone was inactive in the presence of these origins
Gopalakrishnan and Khan, 1994). Based on these ob-
ervations, we hypothesized that the DNA-binding do-
ain of HPV-1a E1 will be required for its E2-indepen-
ent replication activity with the HPV-1a ori because it
ust bind to the origin for the initiation step. On the other
and, because the E1 protein of HPV-18 (in the presence
f E2) can replicate ori plasmids containing E2BSs but
acking the E1BS, a requirement for its DNA-binding
omain in replication may not be absolutely essential.
he fusion points of Hyb1 and Hyb2 were located ap-
roximately in the middle of the protein, conveniently
ividing the HPV-1a and HPV-18 E1 proteins into N- or
FIG. 5. Hyb1 and Hyb6 support replication of a plasmid containing fou
he wild-type or hybrid E1 proteins, along with the HPV-1a or HPV-18 E-terminal halves. The Hyb5 and Hyb6 proteins containpproximately two thirds and one third of the HPV-1a and
PV-18 E1 proteins (Fig. 2).
The hybrid proteins were tested for their replication
ctivity with an HPV-6b ori plasmid in the presence of the
PV-1a or HPV-18 E2 proteins. All the hybrids except
yb5 were active, but they had an overall reduced rep-
ication activity compared with the wild-type E1 proteins
Fig. 3). Although the combination of HPV-18 E1 and
PV-1a E2 proteins replicated the HPV-6b ori plasmid to
igh levels, low-level replication of this plasmid was
een with Hyb1 and Hyb6 in the presence of HPV-1a E2.
t is likely that in addition to having a reduced replication
ctivity, these hybrids contain the E2 interaction domain
rom HPV-18 E1.
Results with Hyb2 showed that this chimeric protein
TABLE 1
Summary of Results to Define the Replication Specificity
of the Hybrid E1 Proteins
E1 E2
Replication
with pori60a
Replication
with E2BS4b
1a None 1111
18 None —
Hyb1 None —
Hyb2 None 1
Hyb6 None —
1a 1a —
1a 18 —
18 1a —
18 18 11
Hyb1 1a —
Hyb1 18 11
Hyb2 1a —
Hyb2 18 —
Hyb6 1a —
Hyb6 18 11
a Minimal HPV-1a ori.
tic E2BSs (E2BS4). Transient replication analysis was performed using
eins.r syntheb Minimal HPV-18 ori.
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336 GOPALAKRISHNAN, SHEAHAN, AND KHANehaved like HPV-1a E1 in its replication specificity be-
ause it supported the replication of the pori60 plasmid
n the absence of the E2 protein (Fig. 4 and Table 1).
yb1 and Hyb6, on the other hand, did not give a detect-
ble signal. The replication activity of Hyb2 was much
ower than that of the HPV-1a E1 protein, even though
his was the most active of all the hybrid proteins in the
resence of E2 and the HPV-6b ori (Fig. 3). The poor
FIG. 6. Transient replication of an HPV-18 ori plasmid by the hybrid
ightmost lanes represent a negative control in which the pUC19 plas
FIG. 7. Transient replication analysis of an HPV-1a ori plasmid by the
ild-type or hybrid E1 proteins in the presence of either the HPV-1a E2
rotein (A) or the HPV-18 E2 protein (B). The two rightmost lanes in Fig.
represent a negative control in which pUC19 was included in placef the ori plasmid.eplication activity of Hyb2 in the absence of the E2
rotein may have been caused by a severe defect in its
ri-binding activity due to the fusion point of this hybrid.
yb1 contains amino acids 1–309 from HPV-1a E1,
hereas Hyb2 contains amino acids 309–612 from
PV-1a E1 (Fig. 2). The first report on the domain struc-
ure of the BPV-1 E1 protein showed that the N-terminal
99 amino acids were sufficient for its DNA-binding ac-
ivity (Thorner et al., 1993). These amino acids corre-
pond to positions 1–305 of HPV-1a E1. If the DNA-
inding activity of HPV-1a E1 is critical in determining its
replication specificity,” Hyb1 would be expected to rep-
teins in the presence of either HPV-1a or HPV-18 E2 protein. The two
s included in place of the HPV-18 ori plasmid.
TABLE 2
Summary of Results to Define the Functional E2
Interaction Domains of the E1 Proteins
E1 E2 Origina Replicationb
1a 1a 1a 1111
1a 18 1111
18 1a 1
18 18 1
Hyb1 1a 6
Hyb1 18 2
Hyb2 1a 1111
Hyb2 18 111
Hyb6 1a 1
Hyb6 18 111
1a 18 1a 1111
1a 18 1111
18 1a 11
18 18 111
Hyb1 1a 11
Hyb1 18 111
Hyb2 1a 111
Hyb2 18 111
Hyb6 1a 1
Hyb6 18 1111
a Plasmids pori171 or pori177 containing the optimal origin of repli-
ation of HPV-1a and HPV-18, respectively, were used.
2
2E1 prob Based on the results of several independent experiments.
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337REPLICATION SPECIFICITY OF HPV E1 PROTEINSicate an HPV-1a ori plasmid in the absence of E2. How-
ver, more recent reports have suggested that a larger
-terminal region of BPV-1 E1 may be required for its
NA-binding activity (Chen and Stenlund, 1998; Leng et
l., 1997; Sarafi and McBride, 1995; Spalholz et al., 1987).
uture biochemical analysis of the hybrid proteins, in-
luding an assessment of their DNA-binding activity,
hould clarify this issue. Because Hyb2, but not Hyb1,
as E2-independent replication activity, our results sug-
est that amino acids located C-terminal to position 309
f HPV-1a are critical for this activity. However, because
yb2 has much lower activity than HPV-1a E1, amino
cids located in the N-terminal half are also likely to play
role in its “replication specificity.” Also, because Hyb1 is
nactive for replication in the absence of E2, it is possible
hat the DNA-binding domain of HPV-1a is not totally
ontained within its N-terminal 309 amino acids. Be-
ause Hyb6 is also inactive in the absence of E2, amino
cids 307–398 of HPV-1a (amino acids present in Hyb2
ut absent in Hyb6) are likely to contain a domain that is
mportant for the E2-independent replication activity of
PV-1a E1. These results do not rule out the possibility
hat both the DNA-binding and -unwinding domains of
PV-1a E1 are involved in its “replication specificity.” The
omains involved in the DNA-unwinding activity of the PV
1 proteins have not been identified, but based on sim-
larity of this region to the SV40 large T antigen, it is likely
o include a large region, encompassing both the DNA
inding and the ATPase domains, that is present in the
-terminal half of BPV-1 E1 (Mansky et al., 1997).
Transient replication analysis showed that Hyb1 and
yb6 resemble the HPV-18 E1 protein in their activity
ecause they supported replication of a plasmid contain-
ng four E2BSs but lacking the E1BS (Fig. 5 and Table 1).
hese results suggest that the C-terminal half (residues
54–657) of HPV-18 E1 are sufficient for determining its
eplication specificity. The ability of Hyb6 to replicate the
2BS4 plasmid further suggests that amino acids 355–
42, which are common to both Hyb1 and Hyb6, are
ritical for the above specificity.
Studies with the hybrid E1 proteins in the presence of
he HPV-1a or HPV-18 E2 proteins also allowed us to
dentify their domains that are important for their E2-
pecific interaction during replication. The HPV-1a E1
rotein supported replication of ori plasmids to high
evels in the presence of both its cognate E2 and HPV-18
2, whereas the reverse combination of HPV-18 E1 and
PV-1a E2 had limited replication activity (Figs. 1, 5, and
). In general, Hyb1 and Hyb6 showed much higher
eplication activity with HPV-18 E2 compared with
PV-1a E2 regardless of the source of the origin (Figs. 3,
, 6, 7A, and 7B). In contrast, Hyb2 showed comparable
eplication activity in the presence of either HPV-1a or
PV-18 E2 proteins (Figs. 3, 6, 7A, and 7B). These results
uggest that the E2-specific interaction domains of Hyb1
nd Hyb6 are derived from HPV-18 E1, whereas that of pyb2 is derived from HPV-1a E1. Taken together, our
esults suggest that the C-terminal halves of the HPV-1a
nd HPV-18 E1 proteins are involved in their E2-specific
nteraction during replication. Moreover, because Hyb6
upports replication to higher levels in the presence of
PV-18 E2 compared with HPV-1a E2, these results fur-
her suggest that the E2-specific interaction domain of
PV-18 E1 may be contained within a smaller region
onsisting of amino acids 354–442 (those common to
yb1 and Hyb6). These results are consistent with a
ecent study demonstrating that the C-terminal half of
PV-16 E1 contains its E2-specific interaction domain
hat is critical for replication (Zou et al., 1998). In this
tudy, several chimeric HPV-11 and HPV-16 E1 proteins
ith fusion points in the predicted ATPase/helicase do-
ain (amino acids 306–605 of HPV-16) were inactive in
eplication, and it was suggested that fusions in these
omains may inactivate the E1 proteins. In our study,
yb5, which has a fusion point in the ATPase/helicase
omains, was also found to be biologically inactive (Fig.
and data not shown). However, Hyb6, which has a
usion point in the same region (amino acid 442 of
PV-18 E1 and amino acid 399 of HPV-1a E1), was found
o be active in replication. Therefore, it is possible that
dditional factors such as improper folding of the hybrid
1 proteins may also be responsible for the loss of
eplication function of chimeric proteins.
MATERIALS AND METHODS
lasmids and cell line
Plasmids expressing the HPV-1a and HPV-18 E1 and
2 proteins from the pSG5 vector containing the SV40
arly promoter have been described (Gopalakrishnan
nd Khan, 1994; Sverdrup and Khan, 1994). Plasmids
ontaining the HPV-1a ori (pori171), HPV-18 ori (pori177),
nd the HPV-6b ori (pUCLCR-6b) have been described
reviously (Gopalakrishnan and Khan, 1994; Sverdrup
nd Khan, 1994). Plasmid pori60 contains a subregion of
PV-1a that includes the E1BS and the surrounding A/T-
ich region, whereas plasmid E2BS4 contains four cop-
es of synthetic E2BSs (Gopalakrishnan and Khan, 1994;
verdrup and Khan, 1995). C-33A is a HPV-negative cer-
ical carcinoma cell line (Sverdrup and Khan, 1994).
eneration of hybrid E1 proteins
Chimeric proteins containing different regions of the
PV-1a and HPV-18 E1 proteins were constructed using
he polymerase chain reaction (PCR). Restriction sites
ere introduced into the PCR primers to facilitate cloning
nd subsequent generation of hybrids. A two-step pro-
edure was used for the generation of hybrid E1 genes.
he general strategy used was to first amplify DNA
ncoding the N-terminal portion of the appropriate E1
rotein using PCR primers that included BamHI recog-
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338 GOPALAKRISHNAN, SHEAHAN, AND KHANition sequences and the ligation of the amplified frag-
ents into the BamHI site of pSG5. The 39 primers for
mplification also included an additional unique restric-
ion site (BclI in the case of Hyb1 and Hyb2 and BspEI for
yb5 and Hyb6) that was used to linearize the above
lasmids for the subsequent ligation of amplified frag-
ents encoding the C-terminal portions of the appropri-
te E1 protein. The 59 PCR primers for the amplification
f the C-terminal portion of Hyb1 and Hyb2 contained a
clI recognition sequence, whereas those for Hyb5 and
yb6 contained the BspEI recognition sequence. The 39
CR primers for C-terminal portions included a BclI rec-
gnition sequence in all the cases. The amplified frag-
ents for Hyb1 and Hyb2 were ligated into the unique
clI site of pSG5 derivatives containing the N-terminal
alves of the E1 proteins. The amplified C-terminal PCR
ragments for Hyb5 and Hyb6 were digested with BspEI
nd BclI and ligated into BspEI- and BclI-digested pSG5
erivatives containing the N-terminal E1-encoding se-
uences. The complete nucleotide sequence of the hy-
rid E1 genes was determined by automated DNA se-
uencing and found to be identical to that of the wild-
ype E1 genes. The sequence of the wild-type HPV-1a
nd HPV-18 E1 genes differed from the previously pub-
ished sequence at a few positions- and may be due to
he use of different clones in those studies.
ransient replication assays
The human cervical carcinoma cell line C-33A was
ransfected with plasmid DNA by calcium phosphate
oprecipitation (Chen and Okayama, 1987). Transfection
fficiencies generally ranged from 25% to 35%. Transient
eplication assays were done using 5–6.5 3 105 cells in
0-mm plates and 5 or 8 mg of E1-expressing plasmids,
mg of E2-expressing plasmids, and 0.5 mg of ori plas-
ids. At 3–4 days posttransfection, low-molecular-
eight DNA was isolated by the Hirt extraction proce-
ure (Hirt, 1967). The samples were first treated with an
ppropriate restriction enzyme to either linearize or
leave the plasmids into two fragments, one of which
as complementary to the probe. To distinguish be-
ween replicated and unreplicated DNA, one half of each
ample was also treated with an excess of DpnI to
emove the unreplicated, methylated input DNA (Sver-
rup and Khan, 1994). The DNA samples were analyzed
y electrophoresis on 0.7% agarose gels using Tris–
orate–EDTA buffer followed by Southern blot hybridiza-
ion (Sambrook et al., 1989). The DNA was transferred to
eneScreen, and the membranes were hybridized to
2P-labeled pUC19 probe (2–4 3 107 cpm) generated by
sing the random primer labeling kit (Amersham). The
pecific activity of the probes typically ranged from 4 3
08 to 1 3 109 cpm/mg of the DNA. Blots were subjected
o autoradiography at 270°C with intensifying screens. Hhe bands on the blots were quantified using an Ambis
00 Radioanalytic Detector.
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